The influence of different carrier materials on the performance of single stage anaerobic bioftlm fluidized bed reactors by toxic shock loadings was studied in parallel experiments. The carrier materials investigated were porous glass (Siran), quartz sand, pumice, shale, activated carbon and anthracite. Since the composition and morphology of the biofilm is influenced by the individual wastewater, vapor condensate from a sulfite cellulose process and mixed brewery wastewaters were used as substrates. The phenol adsorption characteristics were measured on bare and biofilm-coated carriers. Bioftlm-coated carr iers adsorbed larger amounts of phenol than hare carri ers. It was observed that the bioftlm morphology and the corresponding adsorption capacity of biofilm carri ers depended on the individual wastewater characteristics. It was also shown that activated carbon (and partly anthracite) adsorbed large amounts of phenol, mostly irr eversibly.
Studies regarding the application of the fluidized bed technology in environmental processes were intensified during the last decade. The initial adhesion of bacteria on surfaces (hydrophobicity) and the influence of exopolysaccharides were studied by Albagnac et ai. (1987) , Albagnac (1990 ), Zehnder et ai. (1989 and Costerton et ai. (1978, 1981) . Biofilm formation and kinetics were investigated by Characklis and Marshall (1990) . Siran (Porous glass) was tested as support material for the anaerobic treatment of vapor condensate and other high strength wastewaters (BreitenbUcher et ai., 1989 , Keirn et ai., 1989 . Quartz sand was utilized also as a support material (Heijnen, 1984 , Denac et ai., 1988 . Opalla (1990) reported on anthracite as support material in fluidized bed reactors. Activated carbon was applied as carrier material for the treatment of hazardous wastewaters (Pfeffer et ai., 1988 , Pfeffer and Suidan 1989 , Suidan and Nakhla, 1988 , Wisecarver and Wu, 1990 . Anaerobic treatment of brewery wastes with sand as support material was reported by Anderson et ai. (1990) and Oliva et ai. (1990) . The anaerobic treatment of vapor condensate was studied by Aivasidis (1985) . Little work has been done to evaluate the influence of various (particulate) support materials in parallel experiments, especially under dynamic shock loading (organic or toxic) conditions, also the effect of individual wastewater characteristics on the biofIlm formation and performance was not studied in a broad range. Results on organic shock loadings with the set up presented here are reported elsewhere (Mol et ai., 1992) .
SCOPE
Industrial wastewaters were treated anaerobically in continuous biofIlm fluidized bed reactors (see figure 1) with eight different carriers. The carrier materials were porous glass (Siran), quartz sand, pumice, shale, activated carbon, and anthracite. Mixed brewery wastewaters and vapor condensate (cellulose industry) were chosen as model systems. Batteries of eleven continuous reactors (six with vapor condensate and five with brewery wastes) were operated in parallel, allowing direct comparison among the carriers for each wastewater.
The carriers were to be evaluated on the basis of suitable density, particle size, specific surface area (porosity) and surface morphology, attachment, stable biofIlm, buffering capacity against organic and toxic shock loadings and economics.
To illustrate the main results, one of the toxic shock steps with two representative carrier types (activated carbon and pumice) are discussed here.
MA TERlALS AND METHODS
A single stage operation for the acidogenic and methanogenic steps was used within the same reactor. The reactors were operated continuously for more than two years. The feed was buffered and was enriched with nutrients and trace elements. The reactors were inoculated with mixed culture sludges, which originated from the anaerobic digestion stage of public and industrial wastewater treatment plants. The inoculation was repeated during the first two months of the startup. The main operational parameters were as follows: temperature, 36.5°C; pH, 6.8-7.2; feed rate, 1.56 mUmin; hydraulic retention time (HRT), 10 h; reactor volume, 0.9 L; superficial velocity, 0.3-0.8 mlmin, recycle rate, 0.09-0.3 Umin; feed concentration (brewery wastewater), 5-5.8 kg COD/m 3 ; feed concentration (vapor condensate), 3.4-3.6 kg COD/m 3 , toxic shock (phenol), 1.4-3 kg COD/m 3 ; settled carrier volume (dry), 100 mL each; fluidized bed expansion, 50-100 %.
Samples taken from the reactors were fIltered (0.45 �m) and utilized according to the analytical procedures.
COD measurement was based on silver catalyzed oxidation with potassium dichromate in sulfuric acid (Nanocolor, Macherey & Nagel, DUren, FRG). TOC was measured using a DC-180 Carbon Analyzer (Dohrmann, USA). Volatile fatty acids (VFA) were analyzed with GC (HP 5890 A) using a flame ionization detector Fill and a column (FFAP, HP, 15m, r 530 �m) according to the following temperature program: 75°C (2 min), initial heating rate 9.5°C/min to 165°C, final heating rate 50°C/min to 220°C (final temperature: 10 min). The fIltered (0.45 �m) samples were acidified (pH 2) with formic acid to inhibit possible biological reactions and to ensure that acids were available in their protonated form. Phenol was analyzed in the same chromatogram as volatile fatty acids. Gas composition was detennined off-line with the same GC (HP 5890 A) using a thennal conductivity detector TCD and a capillary column (Chrompack, r 530 J,1m) at 60°C.
The carrier and wastewater characteristics are summarized in Tables I and 2 The phenol adsorption on bare and biofilm-coated carriers was investigated in batch-experiments. ill order to avoid any biological conversion of phenol on the biofilm-coated carriers, the biological activity of the sample was suppressed by sodium-hypochlorite before adsorption. The decrease in activity was followed by an off-line mini-fluidized reactor coupled with a U-tube gas flowmeter. Liquid phenol concentrations were measured for bare and deactivated biofilm-coated carriers until the eqUilibrium state was reached. With bare carr iers, a higher adsorption capacity was achieved with porous activated carbon FIOO and F200 than the non-porous pumice (Fig. 2) . It was observed, that non-porous biofllm-coated pumice adsorbed more phenol than bare pumice. Furthennore, biofllm-coated pumice with brewery wastes adsorbed more phenol than biofilm-coated pumice tested with vapor condensate. Irreversib l e phenol adsorption on biofilm-coated carri ers
Following the last phenol shock and an operation period of three weeks without phenol addition, biocarr ier samples were taken from the continuous reactors for the extraction of phenol with a Soxhlet device. Ether was used as extraction solvent. As seen in Fig. 3 , activated carbon types FIOO and F200 adsorbed large quantities of phenol irreversibly, compared with pumice (and other mineral carriers). Although the environment would be protected from the toxic shock by adsorbing it on the carrier, it may lead to a permanent inhibition of the biofilm activity in the reactor. In consequence, the substitution of the contaminated carrier and related costs have to be considered.
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Kinetic experiments were done for a range of shock loading rates (LR). Phenol was added to the feed for a fIxed period to give a square wave input of concentration-time proflle (Fig. 4) . The hydraulic retention time HRT was kept constant during the shock period. The individual reactor performances were followed by measuring the influent and effluent concentrations in terms of S(t) (as COD and TOC), phenol concentration, the gas flow rate and volatile fatty acids. The degradation and gas production rates were calculated.
As seen in Fig. 5 , the low density and porous carrier, activated carbon FlOO, gave the lowest phenol effluent concentrations and the best effluent quality. As expected, for all carriers, whenever phenol concentration increased, the gas production rates decreased (Figs. 6 and 7 ). Time (h) Figure 7 . Gas rates and phenol concentration during the third shock period for the activated carbon FlOO-reactor
The gas production was an important parameter for following the effect of phenol shocks. Activated carbon FlOO and pumice showed a deterioration of gas rates of approximately 20% at phenol influent concentrations of around 1250 mg/l (Fig. 7) . Volatile fatty acids were measured to follow the rate of methane formation. With increasing phenol concentrations and decreasing gas production rates, higher acetic acid concentrations were observed for the pumice carrier (Fig. 8) . With activated carbon FlOO, the acetic acid accumulation was very low, indicating a better buffer capacity for the biofilm and especially for the methanogenic bacteria (Fig. 9) .
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VAPOR CONDENSATE
The same experimental procedure as described with brewery wastewaters was followed with vapor condensate. T he granulated activated carbon F200 with its higher adsorption capacity showed lower phenol effluent concentrations than pumice (Fig. 10) . With increasing reactor effluent phenol concentrations, a decrease in gas rates was observed. The decrease in gas production rates was less than with brewery wastes (Fig. 11) . This may be due to different quantities of phenol adsorbed by biofilm-coated carrier (Fig. 2) . The inhibitory effect of phenol on the corresponding degradation rates can be seen in Fig. 12 . Time (h) Figure 13 . Acetic acid accumulation for activated carbon F200 and pumice carriers
With increasing phenol concentrations and decreasing gas production rates, higher acetic acid concentrations were observed for both systems (Fig. 13) . The vapor condensate-pumice carrier system responded with a lower acetic acid accumulation than those observed with the same carrier with brewery wastewater. The granulated activated carbon F200 reactor exhibited acetic acid concentrations, which were higher than those of the pumice system, indicating a greater inhibition of methane formation.
CONCLUSIONS
A good buffer capacity was achieved with all biofllm-carriers even at high phenolic shocks of up to 1250 mgIL.
A slight deterioration of gas production rates was observed during the shock period.
A rapid recovery following the shock was observed after 2-3 hydraulic retention times.
Activated carbon types FlOO and F200 and anthracite adsorbed larger quantities of phenol irr eversibly, compared with pumice, quartz and shale.
The non-porous carriers (pumice, quartz and shale) showed a better adsorption capacity in their biofilm coated state in continuous operation than the bare carriers.
The highly irreversible adsorption of phenol on the activated carbon could be a disadvantage for long-term biofllm stability.
Due to the relative insensitivity to toxic shock loads, biofllm-fluidized bed technology seems to be promising for the anaerobic treatment of high strength wastewaters.
